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Cushion curves are graphical tools used by protective package designers to evaluate and 
choose foamed cushioning materials. Thousands of samples and hundreds of laboratory 
hours are needed to produce a full set of cushion curves according to the ASTM procedure 
D 1596. The stress-energy method considerably reduces the number of samples needed to 
construct cushion curves for closed-cell cushioning materials. Consequently the laboratory 
and data analysis time are reduced as well.   
The stress-energy method was used to find the minimum sample size needed to 
construct cushion curves for closed-cell cushioning materials. A reference set of data 
collected for ARCEL Resin® foam blocks using the stress-energy method was used. Lines 
fitted to this reference data set were statistically compared against lines fitted to reduced size 
sample sets.  This comparison revealed that 15 samples (5 replicates at 3 energy levels) were 
sufficient to fit lines without statistical difference. The data analysis also showed a limitation 
of the stress-energy method associated with densities higher than 2.2 lb/ft3 for the materials 
used. 
Cushion curves for two densities of expanded polyethylene were successfully 
constructed using the reduced sample size of 15. These curves were compared to published 
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Millions of packages are transported every day in different package configurations 
according to their distribution environment. Some packages are palletized, some are 
transported within a case, and others are transported as units themselves. These different 
distribution situations determine different hazards that products must survive. Common 
hazards during transportation and distribution include shock, vibration, compression, and 
temperature and humidity extremes.  
Shock, vibration, and compression are the most common hazards (Schueneman & 
Marcondes, 2004). Shock occurs with an impact to a package system.  This can happen when 
packages are dropped, but also from when packages impact each other or as they travel 
through a commercial sorting facility. For example, packages transported in the small parcel 
environment are subject to falling from conveyor belts into bins during the sorting process. 
Packages that travel by rail are subject to side impacts caused by the rail cars coupling. The 
severity of the impact might also have to do with the package configuration. For example, 
palletized loads are generally subject to shorter drop heights than individual boxes that can 
be manually handled.  
The nature and intensity of vibration experienced by a packaged product depends on the 
type of transportation used. Different modes of transport will determine different vibration 
inputs, and packaging materials could actually magnify the inputs if the designer is not 
careful with material choice. 
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Compression may be experienced during transportation and storage. Some packaging 
materials are susceptible to deformation and degrading strength during storage. This might 
be due to the nature of the material itself, or environmental conditions such as temperature 
and humidity.  
Shock protection is the focus of this work.  Most products are engineered only to 
survive impacts expected during normal intended use, so it becomes necessary to protect 
them from distribution hazards occurring while transported from manufacturing to  the 
customer. The goal of the package designer is to only add enough packaging so that the 
protection of the package and the inherent ruggedness of the product together match the 
severity of the hazards in the distribution environment.  
To protect against shock during shipment, cushioning materials can be added to the 
package system to dissipate some of the energy produced by an impact before it reaches the 
product. There are several kinds of cushioning materials available to package designers. They 
include polymeric materials in the form of foam blocks and molded shapes, air bags, and 
bubble wrap, to name a few. Cellulosic materials are also available, such as molded pulp. 
Each of these cushioning options has its own shock absorbing properties.  
Foams are divided into two categories with respect to their physical structure. There are 
closed-cell foams and open-cell foams. Common closed-cell foams used in protective 
packaging are expanded polystyrene, expanded polyethylene, and expanded polypropylene. 
There are also foams made of copolymers of these materials. Expanded polyurethane is an 
example of open-cell foams.  
Cushion curves are one of the tools package designers use to evaluate and choose 
cushion materials. These curves communicate the deceleration expected to be transmitted 
through the cushioning material for a given drop height, static loading, and material 
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thickness. ASTM test procedure D-1596 “Dynamic Shock Cushioning Characteristics of 
Packaging Materials” describes the process to collect the data to produce the curves. 
Thousands of drops are performed in order to collect enough information to produce a full 
set of cushion curves for a particular material. Foam manufacturers provide these curves as 
part of the technical information about their products.  
In the last two decades, new ways of describing the ability of polymeric closed-cell foam 
cushioning materials to protect against shock have been put forth. One of the models relies 
on the dynamic stress-energy relationship of a cushioning material. Using this model, the 
shock absorbing characteristics of a material can be described by a single equation 
independent of drop height or material geometry. Moreover, the dynamic stress-energy 
relationship can be derived from far fewer drops. This dramatically reduces the cost with 
fewer labor hours to collect the data and less time spent on data analysis. 
The objective of the work presented here was to find the minimum number of samples 
necessary to produce cushion curves from equations based on the dynamic stress-energy 
model. Traditional cushion curves are expensive to produce because of the thousands of 
drops and samples needed. Considerable savings can be achieved by using the stress-energy 





REVIEW OF LITERATURE 
 
Shock is one of the most common hazards in the transportation of goods. Isolating the 
packaged product from shock events that could result in damage is one of the challenges of 
package designers. Shock may result from a sudden acceleration or deceleration caused by 
events that are very common in the distribution of goods. During their distribution cycle, 
packages may be dropped, side kicked, or tossed (Schueneman & Marcondes, 2004).  Trucks 
containing packages may go over pot holes, and start and stop several times during a trip. In 
the rail transportation environment, railcars containing packages go through the process of 
coupling. Since products are designed only to withstand the hazards at intensities according 
to their normal use, cushioning material might be added to a package system to absorb some 
of the energy of shipping related shock events before it reaches the packaged product.  
Cushioning materials absorb energy through deformation. In other words, the energy it 
takes to deform or deflect the cushion during an impact is not transmitted to the product. 
Therefore, the ability of the material to deform is a very important factor in shock 
absorption (Marcondes, 2001). Not all cushioning materials are equally capable of absorbing 
energy. 
There is a wide variety of cushioning materials used in packaging. The most common are 
polymeric foams in form of molded parts, sheets, planks, foam in place, and free flowing 
shapes. There are also other polymeric cushioning options such as bubble wrap and air 
pillows. Molded pulp and corrugated boards are examples of non-polymer based. 
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cushioning materials. The most important characteristics of a cushioning material that affect 
its compressive behavior are the material composition, density, and, in case of polymeric 
foams, the cell structure and size. Of the above, the most important characteristic is the 
material composition. Two foams with the same density, but of different material 
composition, will behave differently as far as deflection or deformation (Imeokparia, Suh, & 
Stobby, 2004).  The focus of the work presented here is on closed-cell polymeric foam 
materials. Therefore, any future reference to cushioning materials in this text should be 
understood as a reference to polymeric foams. 
 
Concepts in Closed-cell Cushioning Material Deflection 
Working length of a cushioning material is defined as the maximum deflection in which 
the cushion will behave linearly: for a constant change in force, there is a constant change in 
deformation.  The ratio between the change in force and the corresponding deflection of a 
block of foam is known as the spring constant (K). The spring constant is dependent on 
material geometry, orientation, and of course material composition. 
Another related concept is the stress-strain ratio or the modulus of elasticity (Young’s 
Modulus) of a material.  Stress is defined as force per area of material and strain is the ratio 
of the resulting deflection and the original thickness.  The modulus of elasticity is a property 
of the material and does not depend on cushion geometry or orientation. When a foam is 
said to “bottom-out”, it has reached its maximum strain and, therefore, its ability to absorb 
energy in a shock event.  Static stress is also known in packaging as the static loading.  It is 
the ratio of the weight of the product and the area of foam which bears the product.  In 
English units, static loading is expressed in units of lb/in2 and is often abbreviated as psi. 
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Cushioning Material Classification 
In terms of their elasticity, foams are classified as either elastic or nonelastic (Hatae, 
1996). Elastic materials are those which don’t sustain permanent deformation after 
deflection caused by an impact. Nonelastic materials, on the other hand, sustain permanent 
deformation. In packaging for distribution this classification is important, since it is 
necessary to consider multiple impacts as likely for most products. The permanent 
deformation sustained by a nonelastic material on a first impact will greatly influence its 
ability to deflect on subsequent impacts. According to Hatae (1996), in the package design 
field, for a material to be classified as elastic, it must show permanent deformation of no 
more than 10% after compression to a strain of 65%. Expanded polystyrene and expanded 
polyethylene are two common cushioning materials used in packaging. Expanded 
polystyrene is classified as nonelastic, whereas expanded polyethylene and expanded 
polyurethane are available in elastic form (Lee, Park, & Ramesh, 2007). 
In terms of their structure, foams are classified as either closed-cell or open-cell foams. 
The nomenclature itself is descriptive of the difference. Closed cell foams are composed of 
individual bubbles with air trapped inside, with no air traveling from bubble to bubble or cell 
to cell. Open cell foams, on the other hand, are made up of interconnected bubbles where 
air travels from bubble to bubble. Closed-cell foams are typically more rigid than open cell 
foams. Expanded polystyrene, expanded polyethylene and expanded polypropylene are 
examples of closed cell foams. Expanded polyurethane is an example of an open cell foam. 
One is usually able to distinguish between these two types after visually inspecting them. 
Figure 1 shows pictures of open cell and closed-cell foams. 
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Because of the difference in physical structure, open-cell and closed-cell foams have 
different mechanisms of shock isolation. Shock isolation by closed-cell foams is mostly a 
function of air compression and cell-wall flexibility, whereas in open-cell foam, air 
compression does not play a part, since there is no air trapped in cells (Burgess, 1993a). In 
open cell foams the damping is achieved by “buckling of cell filaments” with negligible 
pneumatic contribution (Shuttleworth, Shestopal, & Goss, 1985, p.333). Cell size and density 
of a closed-cell foam greatly influence the foam’s ability to deflect, absorb energy, and isolate 
shock. However, different materials of the same density will behave very differently because, 
as previously stated, material composition is the most important characteristic.  Expanded 
polystyrene, for example, is very common in package cushioning, but it is rigid and subject 
to permanent deformation after an impact.  Expanded polystyrene is also very light weight.  
Expanded polyethylene is very resilient and not as susceptible to deformation after impact.  
It is also more expensive than expanded polystyrene. Foams made from copolymers of 
polystyrene and polyethylene are also available which capitalize on the advantages of foams 
made from both polymers. 
Figure 1. Open cell and closed-cell foams
Pictures are copyright of Carl Hanser Verlag, 1992. Reprinted with permission
Open Cell Closed-cell
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In terms of their use in package cushioning, foams can be fabricated or molded.  Molded 
parts are more expensive and require a high volume operation in order to make up for the 
cost of the mold.  Fabricated parts are cut from extruded planks of the expanded foam to 




“A mechanical shock occurs when an object’s position, velocity or acceleration suddenly 
changes” (Brandenburg and Lee, 1991). For example, when a package is dropped, it 
experiences an increase in velocity as it is falling followed by a sudden decrease when it hits 
the floor. Shock to the package happens when it suddenly decelerates upon hitting the floor. 
The duration of a shock is typically expressed in milliseconds and its magnitude in units of g 
(1 g = acceleration of gravity = 386.4 in/s2). Figure 2 is a simplified representation of a 
shock pulse. The area under the curve is the velocity change (∆V) which is represented by 
equation 1, where Vi is impact velocity and Vr is rebound velocity. Velocity change also 
corresponds to the energy dissipated during that shock. 
 
∆V= |Vi| + |Vr| Equation 1 
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The shock pulse represented in Figure 2 is defined as a half-sine pulse, and it is the most 
common shock pulse experienced by packages protected with foam. The area under the 
curve can also be represented by equation 2, where Gpk is peak deceleration and τ is duration 






=∆ Equation 2 
 
According to Brandenburg and Lee (1991), package damage is related to the three 
factors that describe a mechanical shock: Peak deceleration, duration, and velocity change. 
When two of these are known, the third can be estimated. 
When cushioning material is added to a package system, it deflects during a shock event. 















Figure 2. Simplified shock pulse* 
* reproduced with permission from Schueneman and Marcondes (2004) 
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Conventional Evaluation of Cushioning Materials for Protective Applications 
In 1945, Mindlin proposed that there should be a rational way to approach protective 
package design relying on knowledge of the distribution environment, the mechanical 
properties of the cushioning material, and of the product itself. According to Mindlin, these 
could be summarized by knowledge of the following three factors:  the maximum 
acceleration transmitted through the cushioning material to the product, the form of the 
acceleration-time relationship, and the ruggedness of the structural elements of the product.  
In 1956, an ASTM procedure, D-1596 – “Standard Test Method for Dynamic Shock 
Cushioning Characteristics of Packaging Material,” was designed to evaluate cushioning 
materials.  The latest revision of this procedure was in 2003.  The procedure evaluates the 
maximum deceleration transmitted through cushioning materials.  The data collected is 
reported in the form of cushion curves. Cushion curves are pairs of plots representing data 
specific to a cushioning material density, thickness, and drop height. One plot in the pair 
shows the results for the first impact. The other plot shows the averaged results of the 2nd 
through 5th impacts. The plots show the maximum deceleration transmitted through the 
material expressed in units of G (G’s are multiples of the acceleration of gravity, g, which 
equals 386.4 in/s2) over a range of static loadings. Curves for different thicknesses of the 
material are usually shown on the same plot. Figure 3 below shows an example of a pair of 
cushion curves. The lowest portion of the curves represents the ideal area for that particular 
material.  In the lower static loadings, the G’s are higher indicating that the cushioning 
material is not being sufficiently challenged, so not enough deflection is achieved.  The foam 
is said to be underloaded in this situation. Not much of the shock is absorbed by the cushion 
in this case. At the opposite end, one can see a rise in G’s again, where the foam is being 
overloaded and approaching maximum deflection, or bottoming out. In this case, the 
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cushion absorbs some of the shock, but the product is subjected to higher deceleration when 
the cushion bottoms out. 
 
Hundreds of hours of laboratory time and thousands of samples are required to produce 
a set of cushion curves for one material.  In addition to laboratory time, there is also time 
spent in sample production and data analysis that needs to be taken into account. Besides 
being costly to produce, cushion curves have other limitations related to package design. 
First, traditional cushion curves offer information only about the variable combinations 
tested (drop height, static loading, and thickness) leaving the designer with the need to 
interpolate or extrapolate to come up with an estimate for values that were not tested. For 
example, if a product is known to be able to survive up to 40 G’s, the package designer 
could look at the curve above for the first impact and see that this material could protect the 
product from a 30-in drop height, if it is 3 or 4 inches thick at a certain range of static 
loading. However, the same information is not clear for a thickness of 2.75 in. Another 
















































Figure 3. Example of pair of cushion curves 
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limitation is that the information on the curves does not lend itself well to computer aided 
design (Daum, 2006).  
 
Evaluation of Cushioning Materials Using Stress-energy Relationship 
In 1962, Soper and Dove published a work where, through dimensional analysis, they 
established that the peak response of a cushion system in a dynamic stress situation is a 
function of two variables: the energy absorbed per unit volume of material and the 
“characteristic initial strain rate” (p. 266). This indicates that early on, researchers were 
interested in simplifying the way that cushioning materials were evaluated, by relying on 
properties of the materials themselves, and not so much on specific variables such as 
geometric dimensions. No suggestions were made in this work on how to improve the way 
that the information about cushioning materials was presented, or how to simplify the data 
collection. 
In 1990, Burgess proposed a method for consolidating the data from cushion curves into 
one single stress-strain curve relationship that describes the material on a continuous range 
of application and in a format more compatible with computer aided design. Burgess 
showed that even though stress is a function of strain and strain rate, the increase in drop 
height necessary to change the strain rate is so large that, in practice, stress can be thought of 
as a function of strain only. He also showed that, in performing a force and energy balance 
of a shock event, the energy to be absorbed per unit volume of cushioning material is equal 
to the area under the dynamic stress-strain curve for the material.  Moreover, the energy is 
also a function of strain at peak compression. Burgess tested his hypothesis by taking the 
data from existing cushion curves of an arbitrary drop height and material thickness and 
deducing the dynamic stress-strain curve for that particular material. The results of this 
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work, when compared to other drop heights and thicknesses, supported his hypothesis. 
Since the stress-strain relationship is a characteristic property of the material, one can predict 
the transmitted peak deceleration of an object dropped onto that material without restriction 
to the cushioning material geometry or drop height. Burgess’ method proved to work well 
for resilient closed-cell foams. He also concluded that, if new data were to be collected for a 
material, far fewer drop tests would be necessary when compared to the number needed to 
produce the traditional cushion curves. 
In 1994, Burgess proposed a third method for describing the shock absorbing ability of a 
cushioning material based on a single shock pulse. As was demonstrated in Burgess’ previous 
work for consolidating cushion curves, in order to produce a dynamic stress-strain curve for 
a material, it is necessary to know the peak G (maximum transmitted deceleration), the 
energy density (energy absorbed per unit volume), and the dynamic stress (peak G multiplied 
by static stress). All of the quantities necessary to arrive at these parameters can be found by 
analyzing one instrumented shock pulse of a drop onto a test sample. The pulses are plotted 
showing peak deceleration along a duration measured in milliseconds. Based on the energy 
absorbed at each instant of the pulse, a series of energy densities corresponding to certain 
times were produced which could then be plotted against the dynamic stress corresponding 
to those times.  In order to follow this procedure, data analysis equipment capable of 
measuring the peak deceleration at the different instants of the pulse must be used. Burgess 
found that the accuracy of this method was sensitive to the filtering frequency chosen to 
filter noise out of the pulse prior to analysis. Noise in the shock pulse is inherent to this type 
of test because of equipment configuration. The filter frequency which showed the best 
results was 330 Hz, but the recommendation was made for more work on signal 
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conditioning. No other published materials were found that addressed this question of how 
best to filter the pulse when the cushion curves are not available for reference. 
More recently, Burgess produced a procedure to collect data to evaluate cushioning 
materials using a stress-energy method (Daum, 2006).  This follows the concepts that were 
demonstrated in Burgess’ work published in 1990.  Instead of relying on the stress-strain 
relationship, the procedure relies on the dynamic stress-energy relationship.  Since the 
previous work had demonstrated that both stress and energy could be thought of as a 
function of strain, then it follows that dynamic stress and energy can be correlated. This is 
practical because of the variables that define each of these.  Dynamic stress (equation 3) is 
defined by the static loading (s) multiplied by peak deceleration (G) (equation 3). Energy  is 
the weight (W) multiplied by the drop height (h) divided by the volume of material, which is 
equal to the bearing area (A) multiplied by the thickness (t). Since static loading is equal to 
weight divided by bearing area, energy can be simplified to equation 4.  
 




energy = Equation 4 
 
The significance of this in practical terms is that all of these variables are the ones used 
in producing traditional cushion curves using the ASTM D1596 procedure.  Additionally, as 
Burgess had concluded in the work in 1990, fewer samples are needed to produce a curve 
from which peak transmitted deceleration can be predicted. 
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A procedure designed by Burgess, based on the stress-energy relationship, was used in 
Daum (2006) to produce cushion curves for four different densities of a closed-cell material 
(ARCEL Resin®). For two of the densities, molded and fabricated samples were used, and 
separated as distinct material sets. That was the first documented time that cushion curves 
were produced from experimental data relying only on the dynamic stress-energy 
relationship in the sampling plan and data analysis. As a conservative measure, a larger 
number of samples than was believed necessary was used.  The experiment was designed 
based on five samples per energy level.  The procedure prescribed ways to find the 
maximum and minimum energy, but did not determine how many intervals were necessary. 
The data collected showed very high correlation between the dynamic stress and the 
dynamic energy for all the data sets collected. Curves were fitted to the data with correlation 
coefficients above 0.9.  The coefficient of correlation is a measure of how closely variables 
co-vary.  The coefficient of correlation is a number between -1 and 0, and 0 and 1.  A 
coefficient of -1 is a perfect negative correlation, and a coefficient of 1 is a perfect positive 
correlation.  Therefore, coefficients above 0.9 translate to a very close positive correlation 
between the stress and energy measured (Ott & Longnecker, 2001). The curves fitted 
followed the general format of equation 5 below, where y is the predicted value of peak 
deceleration, x is the energy level, and A and B are coefficients specific to each material.  
 
BxAey = Equation 5 
 
Equation 5 form has been derived by Burgess (1993b) as the expected behavior of a 
closed cell foam whose cushion properties are dominated by the compression of air inside 
the cells. 
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The procedure included 250 drops for the three lower density material sets, and 300 
drops for the three sets of material with higher densities. One of the conclusions presented 
in Daum’s work was that, based on the results obtained by the procedure, it should be 
possible to achieve the same quality of predictability with fewer samples (2006). 
 
Evaluation of Sample Statistics for Statistical Difference 
Statistical procedures for testing hypothesized values of population parameters using 
sample statistics are well documented in statistical textbooks (Ott & Longnecker, 2001; 
Bhattacharyya & Johnson, 1977).  Hypothesis testing is one approach where the null 
hypothesis (H0) might be that the population parameter is equal to a certain value, and the 
alternative hypothesis (Ha) would be that it is different.  An appropriate test statistic is 
chosen depending on whether one is testing a mean, a proportion, or the slope or intercept 
of a regression line.  A rejection region for the sampling distribution of the test statistic is 
defined based on a value of α (for a confidence level of 95%, α=0.05).  For sample sizes 
smaller than 100, the Student’s t-distribution table (found in most statistics textbooks) is 
recommended to identify the critical t value of the statistic that would determine the 
borders of the rejection region, for the hypothesis test, based on the chosen value of α. It is 
also necessary to determine the degrees of freedom, or the number of observations in the 
sample that are free to vary, associated with the sample size.  For the testing simple 
regression slopes or intercepts, the degrees of freedom are two less than the total sample 
size. The observed value of the test statistic from the sample is standardized by taking the 
ratio of the difference between the observed statistic and the assumed population parameter 
and dividing it by the standard error (or the amount of variability in the distribution of the 






= Equation 6 
 
The standardized t-observed is compared to the t-critical from the Student’s t-distribution 
table and a decision to either reject or not reject H0 is made depending on whether the 
observed value falls in the rejection region of the density curve.  An assumption is made that 
the values for the parameter in question are normally distributed in the population. When 
one is interested in finding whether an observed value is statistically different from another, 
the hypothesis testing is set up so the null hypothesis says it is equal to a certain value, and 
the alternative hypothesis is that it is different.  This creates a two-tailed test, where the 
rejection region, which is equal to α, is made up of two areas equal to half of α at each tail 
end of the density curve.  This is illustrated in Figure 4. When the values are compared for 
statistical significance, they are considered to be statistically different if the t test statistic 










t-crit = t(α/2, n-2) t-crit = t(α/2, n-2) 




MATERIAL AND METHODS 
 
Test Equipment 
The test equipment used was a Lansmont Cushion Tester, model 23. The platen of the 
cushion tester was instrumented with a PCB ICP® piezoelectric accelerometer model 
number 353B15, serial number 80368. The shock pulses were captured and analyzed using 
the GHI WinCAT® version 2.8.1 software, which plots the captured pulse as maximum 
deceleration in the time domain. This equipment is compliant with the requirements in 
ASTM D-1596 for cushion testing. Figures 5 and 6 are pictures of the actual equipment set 
up used to collect the data. 
.
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Figure 5. Cushion testing equipment set up 
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The equivalent freefall drop height (heq) was calculated by Lansmont Test Partner  
Velocity Sensor ® software version 2.0.1. This calculation is done based on the impact 
velocity (Vi) of the platen when it hits the sample using equation 7, where g is the 






= Equation 7 
An equivalent freefall drop height must be calculated because the platen does not fall in 
a true free fall on the test sample. The platen is guided by rods, as it falls, which cause some 






Figure 6. Close up of the equipment 
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When a shock pulse is captured, it is often necessary to apply an electronic filter to 
remove high frequency “noise” caused by the mechanical structure of the testing equipment. 
Since these higher frequency events are not caused by the impact on the cushion sample, it is 
of no interest for measuring the transmitted shock.  In fact, such events may degrade the 
accuracy of subsequent shock pulse measurements.  Therefore, the noise should be 
removed.  Since the frequencies of the “noise” are typically much higher than the 
fundamental frequency of the shock pulses, this is achieved by using a low-pass electronic 
filter (included in GHI WinCAT® software). As prescribed in the test procedure (Daum, 
2006), the filter frequency was calculated using equation 8, where Ff is the filtering frequency 













F Equation 8 
 





=fF Equation 9 
These equations require that the pulse duration be determined.  In practice, the effective 
pulse duration (duration of an equivalent “clean pulse) is different from the baseline 
duration. Mechanically-generated pulses are smooth curves with a rise and decay, rather than 
with the sharp corners shown in the idealized pulse in Figure 7.  It is common practice to 
determine effective pulse duration as the time between the points at 10% of peak pulse 
amplitude on the rise and decay (Department of Defense, 2006) 
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Figure 8 shows an unfiltered pulse on the left and a filtered pulse on right. of a shock 
pulse illustrating effective pulse duration. In reality, the beginning and the end of a pulse are 
not as clean; therefore, the effective pulse duration is a conservative estimate of duration, 















Figure 7. Illustration of effective pulse duration
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The pulse acquisition software used for the tests included a function which could 
automatically pick the beginning and end of the shock pulse. However, the software 
sometimes misinterpreted the effective duration due to noise and the smooth rise and decay.. 
For the sake of consistency, all pulses were analyzed by manually setting the boundaries of 
effective duration used to calculate the filtering frequency. 
 
Testing Phases 
There were four different phases of testing: 
• Phase I: initial collection of data on ARCEL Resin® foam blocks  
• Phase II: statistical evaluation of lines fit to reduced sets of samples against the lines 
fit to the full data set acquired in Phase I using the t-test to determine if estimates 


























Time, 1 msec / DivTime, 1 msec / Div
322 G Peak
300 G Peak
Figure 8. Unfiltered and filtered pulses (Reprinted with permission from Kipp, 2002)
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• Phase III: data collection for expanded polyethylene (EPE) using the reduced sample 
plan found in Phase II and comparing it to published EPE data. 
• Phase IV: homogeneity testing of the lines for the five drops performed on each 
sample using the original data collected in Phase I 
Three different possibilities were considered for reducing the original sample size with 
the objective of finding a minimum sample size necessary to represent the larger set of data:  
• Reduction of the number of energy intervals  
• Reduction of the number of replicates per energy level 
• Reduction of the number of drops performed on each sample   
Only the options of reducing the number of energy level intervals, and reducing the 
number of drops on each sample were within the scope of the work presented here.  
Reducing the number of energy levels is presented in Phase II of this study, whereas the 
reduction in the number of drops is discussed in Phase IV. 
 
Phase I – ARCEL Resin® Data Collection 
The materials used in Phase I were provided by Nova Chemical, Inc. in the dimensions 
required by the test plan (See Appendix A for details). Six sets of blocks of ARCEL Resin®  
foam were cut and all three dimensions were measured. ARCEL Resin®  is a common 
closed-cell foam material used in protective packaging, and therefore a good candidate for 
these tests. The six sets were made up of four different densities of material (1.2 lb/ft3, 1.7 
lb/ft3, 2.2 lb/ft3, and 3.0 lb/ft3). There were four sets of molded material, and two sets of 
fabricated blocks (1.2 lb/ft3 and 2.2 lb/ft3). Molded and fabricated samples differed in that 
the molded samples still had the outer skin on the top and bottom faces of the blocks which 
is characteristic of the molding process.  Fabricated samples were cut down to the desired 
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thickness by removing the skins of thicker boards. These materials were shipped to the 
Clemson University in corrugated boxes using a small parcel carrier. All materials were 
conditioned at 73°F and 50% relative humidity prior to testing. Samples were kept out of the 
conditioning chamber for no longer than 30 minutes before being tested. 
Table 1 below summarizes the number of samples used, and density of the materials 
tested.  There were five samples per energy level.  The five energy levels were achieved by 
different combinations of sample dimensions as well as drop height and the weight that was 
dropped. Appendix A shows how each of the replicates for the energy levels for one of he 
materials tested were produced. Five impacts were performed on each sample. The 
minimum energy level for each of the six material sets was 5 in-lb/in3. The maximum 
energy level for 1.2 lb/ft3 molded and fabricated set and 1.7 lb/ft3 set was 50 in-lb/in3, and 
for the remaining three material sets was 80 in-lb/in3.





Number of Drops 
Analyzed 
1.2 (lb/ft3) Molded 10 250 220 
1.2 (lb/ft3) Fabricated 10 250 230 
1.7 (lb/ft3) Molded 10 250 240 
2.2 (lb/ft3) Molded 12 300 275 
2.2 (lb/ft3) Fabricated 12 300 265 
3.0 (lb/ft3) Molded 12 300 265 
There were fewer drops analyzed than planned due to equipment failure capturing either 
the shock pulse or the equivalent drop height in the first impact. This was due to equipment 
sensitivities and trigger thresholds.  Trigger thresholds must be defined in the software by 
the operator.  In some cases, the threshold was too low and the release action of the cushion 
tester triggered the instrumentation too soon resulting in lost data.  Since cushioning 
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materials perform differently on the first impact, it is crucial to have first impact 
information. Therefore, when first impact data was not captured, no further drops were 
performed for a particular sample. 
The actual drop testing was conducted within the guidelines of ASTM D-1596.  Each 
shock pulse was filtered, analyzed, and the peak deceleration was recorded. At least one 
minute was allowed between each impact on a particular sample.  The peak deceleration was 
multiplied by the static loading resulting from the total weight used and the area of the face 
of the sample.  The product of this multiplication is the dynamic stress to which the sample 
had been subjected.  The dynamic stress was tabulated for each sample at each of the energy 
levels for each drop from 1st through 5th.
Following industry practice, the data for each material density set was divided into 1st 
impact data and averaged 2nd–5th impact data.  Therefore, each material had a pair of plots to 
describe the dynamic stress-energy relationship, one for the 1st impact and the other for the 
averaged 2nd-5th impacts. The collected data was plotted with energy on the x-axis and 
dynamic stress on the y-axis.  
 
Phase II – Statistical Evaluation of Lines Fit to Reduced Sample 
The dynamic stress data was transformed with the natural logarithm to make the XY 
relationship linear. This transformation is a common transformation for data with an 
exponentially increasing relationship, which was the case of the data collected for the 
ARCEL Resin®  samples. Linearization was applied to allow for the statistical tests planned. 
The plan included comparing the slope and intercept of lines fit to reduced data sets to the 
full data set as a reference. The transformation of  equation 5 is shown in  equation 10: 
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BxAy += lnln Equation 10 
 
The comparison used the t-test to determine if the slope (B) and intercept (lnA) of the 
line from the reduced data set were statistically different from the slope and intercept of the 
line fit to the full data. The statistical software package SAS® 9.1 was used to fit regression 
lines to each set of transformed data. The output contained the coefficient of correlation for 
the regression model, the slope, and the intercept of the line with their corresponding error. 
It also included t-values for each of the estimated parameters (slope and intercept).  
Since the dynamic stress relationship could be described by a line, basic algebra was used 
as a starting point. Algebra dictates that only two points are necessary to define a line, so the 
starting point was to reduce the data to two energy levels.  The energy levels chosen were the 
two extreme energy levels. Lines were fitted to the two-energy level data, and the slope and 
intercept estimates for the lines were compared to the corresponding estimates from the 
lines fitted to the total data set for that material. Statistical differences were evaluated based 
on t-value of the estimate using a 95% confidence level (α=0.05). If the value of the estimate 
was found to be statistically different from that of the full data set, the number of energy 
levels was increased until no statistical difference was evident. 
 
Phase III – Reduced Sample Evaluation Using EPE 
Once the minimum number of samples was found as outlined in Phase II, a testing plan 
using EPE was designed. The energy levels were determined; and drop heights, static 
loadings, and thicknesses were chosen to produce the planned energy levels.  Cushion testing 
was conducted according to the stress-energy procedure, but using the reduced number of 
samples.  This was done to compare the results obtained to existing information about EPE 
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in order to validate the theory that with that reduced number of samples the cushioning 
properties of a material could be described. 
Two densities of EPE were used: ETHAFOAM™ 220 (2.3 lb/ft3), and ETHAFOAM™ 
Nova (1.7 lb/ft3) (both are trademarks of Dow Chemical Company). Both are produced as 
extruded planks.  The planks were donated by Span Packaging of Greenville, SC.  Samples 
were cut at a Clemson University laboratory using a vertical band saw.  Samples were then 
stored under standard conditions (73°F @ 50% relative humidity) prior to testing.  Cushion 
testing was performed on the samples using the exact same procedure and equipment as had 
been used on the ARCEL Resin® samples in Phase I. 
The static loadings corresponding to the lowest portion of the published cushion curves 
(as described in Chapter 2 of this work) for two drop heights considered typical in the 
industry (24 and 30 inches) were used for these predictions. The range of static loading for 
the Ethafoam™ Nova was between 0.5 and 1.2 lb/in2, and the range of static loading for the 
Ethafoam™ 220 was between 1.0 and 2.0 lb/in2.
Regression lines were fitted to the data collected and prediction equations were found. 
These equations were used to predict peak deceleration (G) for static loadings at the lower 
portion of the published cushion curves for two drop heights: 24 and 30 inches.  The G 
values predicted using the equation from the regression line were compared to the ones 
predicted using ETHACALC™ Millennium, which is a software tool offered by Dow 
Chemical Company for calculating G values based on inputs such as drop height, area of 
foam, and weight of object. 
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Phase IV- Homogeneity Testing of Data for Individual Impacts 
The homogeneity of the lines produced for each drop in the sequence was analyzed in 
order to determine if fewer than five drops could be performed on each sample, without loss 
of information.  Line homogeneity, in this case, is defined as agreement from drop-to-drop. 
If the lines for drops 4 and 5 were statistically the same with respect to their slope and 
intercept, for example, one could say that the fifth drop was unnecessary.  The data was 
separated into material densities as well as by drop.  Five lines representing equation 10 were 
associated with each material, as opposed to the industry practice of two lines. Each of the 
five lines was compared to each other in the following sequence: the intercept and slope of 
the line fit to drop 1 data of a particular material density was compared to each of the 
subsequent drops individually for that density.  Then, drop 2 was compared to each of the 
subsequent drops, and so on up to drop 4 being compared to drop 5.  This was done for 





RESULTS AND CONCLUSIONS 
 
Phase I 
Visual observation of the scatter plots for each of the material density sets, such as that 
in Figures 7 through 12, revealed that the dynamic stress-energy relationship could be 
described as increasing at an increasing rate.  It was also noted that the variation within each 
energy level increased as the energy level increased. Furthermore, some of the peak 
decelerations recorded were much above the intensity one would expect any product to 
survive.  These energy levels corresponded to combinations of static loading, drop height, 
and thickness that would be outside of the limits one should expect these materials to 
perform. Therefore, the data belonging to energy levels where recorded deceleration values 
were higher than 200 G’s were excluded from the reference set.  Figures 9 through 14 show 
the plots of all the data of each of the material densities tested with curves fitted and the 
corresponding R2 (coefficient of correlation). The values on the y-axis have been withheld to 



















Averaged 2nd through 5th Impacts
Figure 9. Scatter plot of data for 1.2 lb/ft3 molded ARCEL® Resin blocks
R2 = 0.9805
R2 = 0.9727















Averaged 2nd through 5th Impacts





















Averaged 2nd through 5th Impacts
Figure 11. Scatter plot of 1.7 lb/ft3 molded ARCEL® Resin blocks data 
R2 = 0.918
R2 = 0.9631















Averaged 2nd through 5th Impacts



















Averaged 2nd through 5th Impacts
Figure 13. Scatter plot of 2.2 lb/ft3 fabricated ARCEL® Resin blocks data 
R2 = 0.9763
R2 = 0.8535















Averaged 2nd through 5th Impacts




In order to be able to easily compare the lines for statistical difference, the data 
was linearized by transforming dynamic stress using the natural logarithm. After the 
transformation was applied, the data was plotted and visually inspected.  Figures 15 
through 20 show the plots of the linearized data without the higher levels of energy 
that were eliminated from the sets as described in Phase I. The values on the y-axis 




















Averaged 2nd through 5th Impacts




















Averaged 2nd through 5th Impacts
Figure 16. Linearized data for 1.2 lb/ft3 fabricated ARCEL® Resin blocks 
R2 = 0.9502
R2 = 0.9893
















Averaged 2nd through 5th Impacts




















Averaged 2nd through 5th Impacts
Figure 18. Linearized data for 2.2 lb/ft3 molded ARCEL® Resin blocks 
R2 = 0.8652
R2 = 0.9815
















Averaged 2nd through 5th Impacts
Figure 19. Linearized data for 2.2 lb/ft3 fabricated ARCEL® blocks 
38
As can be observed in Figure 20, the data for the 3.0 lb/ft3 foam are not as linear 
after transformation. A curve was still evident in the averaged 2nd through 5th impact 
data, and more variation was present in the 1st impact data when compared to other 
densities, resulting in a lower R2. One of the implications of this is that there may be 
more factors required to describe the material behavior at this density than those that 
exist in the dynamic stress-energy relationship.  Therefore, no further analysis was 
performed on this data with regard to reducing the sample size. 
Five data sets were ultimately analyzed after the lines were fit.  Table 2 
summarizes the data that was used for analysis as the reference data in seeking the 
R2 = 0.6982
R2 = 0.9706
















Averaged 2nd through 5th Impacts
Figure 20. Linearized data for 3.0 lb/ft3 molded ARCEL® blocks 
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minimum sample size with which one could describe the stress-energy relationship 
of these materials. 





1.2 (lb/ft3) Molded 8 5-40 
1.2 (lb/ft3) Fabricated 8 5-40 
1.7 (lb/ft3) Molded 8 5-40 
2.2 (lb/ft3) Molded 10 5-50 
2.2 (lb/ft3) Fabricated 10 5-50 
Two-point Reduction 
The reduction to two energy levels produced lines which were statistically 
different for some of the material sets. Table 3 shows the summary of the results of 
the statistical comparison of estimates for the intercept and the slope of the lines 
obtained with only two energy levels.  For two lines to be considered the same, both 
the intercept and the slope must be statistically the same. 
 
Table 3. Results of statistical comparison for lines with two energy levels 
Results of Statistical Comparison (α=0.05) 
1st Impact Averaged 2nd-5th Impacts Densities 
Intercept Slope Intercept Slope 
1.2 lb/ft3 Molded No Stat. Diff. No Stat. Diff. No Stat. Diff. No Stat. Diff. 
1.2 lb/ft3 Fabricated No Stat. Diff. No Stat. Diff. Stat. Diff. No Stat. Diff. 
1.7 lb/ft3 Molded No Stat. Diff. No Stat. Diff. No Stat. Diff. No Stat. Diff. 
2.2 lb/ft3 Molded No Stat. Diff. No Stat. Diff. Stat. Diff. Stat. Diff. 
2.2 lb/ft3 Fabricated Stat. Diff. No Stat. Diff. Stat. Diff. No Stat. Diff. 
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The results in Table 3 indicate that the intercept seems to be a lot more sensitive 
to the reduction in energy levels included than is the slope. Two of the three sets that 
showed statistical difference were of fabricated samples. The data also show that the 
averaged 2nd -5th impact data is more sensitive. This could be an indication of the 
effect that multiple impacts have on materials that permanently deform upon stress. 
Air compression within the cells is primarily responsible for the shock absorption in 
closed-cell materials (Burgess, 1993).  However, it is known that the cells may 
rupture due to impact, so, it may be harder to predict the behavior of these materials 
as multiple impacts change the shock absorbing ability. 
 
Three-point Reduction 
Since there were statistical differences found between the lines produced with 
two energy levels and the lines from the full set, another energy level was added to 
the middle of the range previously evaluated.  Table 4 summarizes the results of the 
statistical comparison of the parameters for the 3-point lines and the lines from the 
full reference set.  
41












1.2 Molded (n=13) -0.72 0.00279 1.06 0.0734 2.201 No
1.2 Fabricated (n=13) -1.15 0.00235 1.16 0.05858 2.201 No
1.7 Molded (n=15) 1.04 0.00397 -0.23 0.10877 2.160 No
2.2 Molded (n=15 -1.03 0.00293 1.60 0.09619 2.160 No
2.2 Fabricated (n=15) -1.23 0.00333 1.80 0.10934 2.160 No











1.2 Molded (n=13) 0.15 0.00325 -0.41 0.08551 2.201 No
1.2 Fabricated (n=13) 0.47 0.00361 -0.46 0.08984 2.201 No
1.7 Molded (n=15) -1.16 0.00224 1.80 0.06126 2.160 No
2.2 Molded (n=15 0.77 0.00156 -0.92 0.05099 2.160 No
2.2 Fabricated (n=15) 0.82 0.00195 -0.80 0.06387 2.160 No
41 
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As can be seen in Table 4, there were no statistical differences observed between the 
lines fitted through 3 points of energy data and the lines from the full set of data. These 
results suggest that the ability of these materials to absorb energy could be described with 15 
samples (5 for each of three energy levels).  Different combinations of three energy levels 
were tested. The lower densities are not sensitive to the choice of the three energy levels, but 
the 2.2 lb/ft3 data sets sensitive. 
Upon closer observation, the 2.2 lb/ft3 data sets also revealed the same S-shape observed 
in the 3.0 lb/ft3 data. The S-shape in the scatter plot explains why changing the 3 energy 
levels used changes the slope and/or intercept of the resulting lines. It is important to 
determine the two extremes carefully by considering minimum and maximum static loadings 
that would be appropriate for the density of material under evaluation. The S-shape also 
suggests that, even though the dynamic stress-energy model at this density can pass a 
statistical test, other factors may be at work as well.  The cell wall rupture that occurs as 
these closed-cell foams are subjected to multiple impacts may shift the dependence from air 
compression to other mechanical properties of the foam for absorbing shock.  
ARCEL Resin® materials can be affected by multiple impacts, because they are a 
copolymer of styrene and ethylene. Homopolymer EPS is crushable, and some copolymers 
of EPS exhibit the same property.  The same phenomenon may not be present in more 





Test of the Three-point Plan with EPE 
Two different densities of EPE (expanded polyethylene) from Dow Chemical, Inc. were 
used to test the three-point plan.  Blocks of Ethafoam™ Nova (1.7 lb/ft3) and Ethafoam™ 
220 (2.2 lb/ft3) were cut to dimensions which, combined with drop height and weight would 
represent 3 energy levels.  Five samples per energy level were prepared and five drops were 
performed on each sample. The five samples in a specified energy level were exact replicates 
of each other.  All samples used were 2 inches thick, and the replicates within an energy level 
did not vary in area or static loading. This test plan differed from the test plan in Phase I, 
where replicates of the same energy level were not duplicates in terms of dimensions (see 
Appendix B for details of sample dimensions, drop heights, and static loadings). Table 5 
shows the energy levels used for each of the two materials tested. 
 
Table 5. Energy values for 3-point test of Ethafoam™ 
Material Energy Values Tested 
Ethafoam™ Nova (1.7 lb/ft3) 5 in-lb/in3, 25 in-lb/in3, and 40 in-lb/in3
Ethafoam™ 220 (2.2 lb/ft3) 10 in-lb/in3, 25 in-lb/in3, and 50 in-lb/in3
The equations corresponding to the lines fit to the results of the cushion testing of these 
Ethafoam™ materials were used to predict the transmitted deceleration.   
The transmitted G’s calculated by using the 3-point predicting equation were compared 
to the transmitted G’s expected according to ETHACALC™. Tables 5 and 6 show the 
comparison for the two material densities tested at two different drop heights.  The 
difference between the predicted G’s from the data and expected G’s from  ETHACALC™ 
varies within a range similar to what ASTM D-1596 reports as between laboratories standard 
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deviation.  The ASTM reported range is from 5 to 15 G’s, and the ranges in Tables 5 and 6 
are 7 to 22 G’s for ETHAFOAM™ Nova and 2 to 14 G’s for the ETHAFOAM™ 220. 
Differences in equipment, instrumentation, and even within the materials themselves are 
responsible for part of the variability in these results. The narrower range of variability in the 
difference in G’s for the ETHAFOAM™ 220 could be due to the loading of the equipment 
for the tests.  The higher static loadings allowed for heavier weights on the platen of the 
cushion tester.  This decreases the effect of friction, allowing less variation on the equivalent 
drop height between drops. 
 
















Nova 24 0.5 33.97 41.43 7.46 18 
24 0.7 30.32 40.08 9.76 24 
24 0.9 29.47 41.56 12.09 29 
24 1.1 30.14 44.42 14.28 32 
24 1.2 30.88 46.15 15.27 33 
30 0.5 39.04 50.10 11.06 22 
30 0.7 36.85 51.60 14.75 29 
30 0.9 37.88 56.05 18.17 32 
30 1.1 40.95 61.82 20.87 34 
30 1.2 43.15 64.94 21.79 34 
220 24 1.0 28.44 31.22 2.78 8 
24 1.2 27.84 32.37 4.53 14 
24 1.4 28.03 33.97 5.94 17 
24 1.6 28.82 35.87 7.05 20 
24 2.0 31.81 40.18 8.37 21 
30 1.0 34.78 40.92 6.14 15 
30 1.2 35.45 43.62 8.17 19 
30 1.4 37.16 46.79 9.63 21 
30 1.6 39.77 50.23 10.46 21 
30 2.0 47.58 57.48 9.90 17 
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Table 7. Predicted G using 3-point equation vs. ETHACALC® for averaged 2nd-5th















Nova 24 0.5 38.55 46.55 8.00 17 
24 0.7 35.03 45.85 10.82 24 
24 0.9 34.66 47.99 13.33 28 
24 1.1 36.08 51.54 15.46 30 
24 1.2 37.30 53.63 16.33 30 
30 0.5 44.81 57.05 12.24 21 
30 0.7 43.25 59.54 16.29 27 
30 0.9 45.45 65.05 19.60 30 
30 1.1 50.24 72.01 21.77 30 
30 1.2 72.01 75.78 3.77 5 
220 24 1.0 36.99 42.28 5.29 13 
24 1.2 37.09 44.42 7.33 17 
24 1.4 38.26 47.29 9.03 20 
24 1.6 40.28 50.62 10.34 20 
24 2.0 46.65 58.05 11.40 20 
30 1.0 46.62 56.35 9.73 17 
30 1.2 48.96 61.14 12.18 20 
30 1.4 52.89 66.64 13.75 21 
30 1.6 58.32 72.56 14.24 20 
30 2.0 74.10 84.92 10.82 13 
Figure 21 shows the cushion curves corresponding to the Ethafoam™ Nova data in Tables 
6 and 7. 
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Ethafoam Nova 1st Impact,




























Ethafoam Nova Averaged 2nd through 5th Impacts,
























Figure 21. Cushion curves for Ethafoam™ Nova 
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PHASE IV 
Homogeneity Testing for the Individual Drops on ARCEL Resin® 
Homogeneity testing was conducted for the regression lines fitted to the full set of data 
for each of the five drops performed on each sample. This analysis revealed that the lines fit 
to the data from the 2nd, 3rd, 4th, and 5th impacts individually were different the line fit to the 
data from the 1st impact, for the lowest density foams (1.2 lb/ft3 molded and fabricated). 
This confirms a well-accepted concept in the industry. However, there was no statistical 
difference among those lines when they were compared to each other. This suggests that, for 
these two material sets, the testing of the material beyond the 2nd impact did not add any new 
information about this material. All the other densities showed statistical differences between 
the individual lines produced for each drop from two through five. This is presented in 
Table 7. 
 
Table 8. Homogeneity testing results of individual drops on ARCEL Resin® blocks.
Drop Line ComparisonDensity (lb/ft3)
1st vs. others 2nd vs 3rd,4th,5th 3rd vs. 4th & 5th 4th vs. 5th
1.2 Molded Different Not Different Not Different Not Different
1.2 Fabricated Different Not Different Not Different Not Different
1.7 Molded Different Different 4th Not Different
5th Different
Not Different
2.2 Molded Different Different Different Not Different
2.2 Fabricated Different Different 4th Not Different
5th Different
Not Different
The same test was applied to the data collected for expanded polyethylene during Phase 
III of testing.  No statistical difference was observed between the lines fit to the five 
individual drops performed on the ETHAFOAM™ Nova samples.  Only the lines fit to 
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drops four and five were different from the line fit to drop one on the ETHAFOAM™ 220.  
No other statistical differences were observed for the drops on the ETHAFOAM™ 220. 
These results would support further investigation on whether it is appropriate to average 
the results for drops two through five as specified in ASTM D-1596.  The more resilient 
materials may not exhibit much difference between drops two through five, so when that is 
the case then there should be no reason to perform five drops.  Two drops, in some cases, 
may be sufficient.   
In traditional cushion testing, five drops are performed on each sample.  Using 
computers, it is simple to produce the equation for the curve of the dynamic stress-energy 
relationship for a material based on the data collected in cushion testing. There is no reason 
to average the results of the 2nd -5th impacts.  Individual curves can be easily produced for 
the number of drops as may be appropriate for a given distribution situation. 
 
Summary of Conclusions 
The data for the higher density materials tested seemed to indicate that, while the stress-
energy correlation was strong, energy is not the only predictor of dynamic stress, especially 
for the 3.0 lb/ft3 material. 
Three energy levels were sufficient to produce lines that were statistically the same as the 
line produced by the full set of data for the materials tested. However, careful consideration 
is needed when picking the extremes of the energy levels to be used. 
The test of the three energy level model using EPE produced predicted G’s 7-22 G’s 
lower than the G’s predicted using  ETHACALC Millennium for the Ethafoam™ Nova, 
and 2-14 G’s lower for the Ethafoam™ 220. These are within accepted lab to lab variations. 
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The homogeneity testing of the ARCEL Resin® data indicated that, for the lower 
density materials, performing five drops on a sample may not be necessary. However, for the 








The first step in setting up cushion testing based on the stress-energy relationship for a 
closed cell cushioning material should be to determine the lowest and the highest energy 
value that is practical for the material under evaluation.  This would eliminate unnecessary 
testing.  Once the two extremes are defined, a mid-point should be chosen as the third point 
in the reduced model proposed by this study.  Further work may be needed to determine the 
best extremes to use. 
There was no investigation on reducing the number of replicates per energy level, but it 
may be possible to reduce the sample size in this way.  Further investigation may prove this 
as an alternate or incremental way to reduce the total sample size. 
Further investigation is necessary to understand the limits of the stress-energy model for 
describing the cushioning ability of ARCEL Resin® at densities higher than 2.2 lb/ft3. The 
model seemed to be sufficient to explain the behavior of the two lower densities of the 
materials tested, but the analysis of the data from the ARCEL Resin® 2.2 lb/ft3 seemed to 
indicate that other factors need to be incorporated into the model to fully explain the 
behavior at this density.   
Two materials were evaluated by this study, ARCEL Resin® and Ethafoam™. Only two 
densities of Ethafoam™ were tested.  Further testing of Ethafoam™ and other closed cell 
materials, at higher densities, should be done to see if the stress-energy model would present 
the same limitation observed with ARCEL Resin® higher densities. Likwise, other  
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closed-cell foams, such as EPP (expanded polypropylene), and EPS (expanded polystyrene) 
should be evaluated. 
While linearizing the data using the natural logarithm worked well for this work, it may 
be of interest to fit the data using quadratic terms.  This data-fit strategy may add ability to 
better describe systems such as the 3.0 lb/ft3 ARCEL Resin® , where the logarithmic 
treatment did not yield good results.  While the data fitting and statistical proving of such 
method would be more complicated, a more universally applicable system might be the 
result of further investigation. 
Homogeneity testing of the data for other materials must be conducted to further 
evaluate the practice of averaging results for impacts 2 through 5. It may be possible to 







ARCEL® Resin Test Template 
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5A 5 38.4 12.8 0.333 15 1
5B 5 38.4 19.2 0.500 20 2
5C 5 38.4 12.8 0.333 30 2
5D 5 38.4 32 0.833 18 3
5E 5 38.4 32 0.833 24 4
10A 10 19.2 12.8 0.667 15 1
10B 10 19.2 19.2 1.000 20 2
10C 10 19.2 12.8 0.667 30 2
10D 10 19.2 12.8 0.667 45 3
10E 10 19.2 32 1.667 24 4
15A 15 12.8 12.8 1.000 15 1
15B 15 12.8 19.2 1.500 20 2
15C 15 12.8 25.6 2.000 15 2
15D 15 12.8 32 2.500 18 3
15E 15 19.2 32 1.667 36 4
20A 20 12.8 12.8 1.000 20 1
20B 20 19.2 19.2 1.000 40 2
20C 20 12.8 25.6 2.000 20 2
20D 20 12.8 32 2.500 24 3
20E 20 19.2 32 1.667 48 4
25A 25 12.8 32 2.500 10 1
25B 25 12.8 32 2.500 20 2
25C 25 12.8 64 5.000 10 2
25D 25 12.8 64 5.000 15 3
25E 25 19.2 64 3.333 30 4
30A 30 12.8 12.8 1.000 30 1
30B 30 12.8 19.2 1.500 40 2
30C 30 12.8 25.6 2.000 30 2
30D 30 12.8 25.6 2.000 45 3
30E 30 19.2 64 3.333 36 4
35A 35 12.8 32 2.500 14 1
35B 35 12.8 32  2.500 28 2
35C 35 12.8 64 5.000 14 2
35D 35 12.8 64 5.000 21 3
35E 35 19.2 64 3.333 42 4
40A 40 12.8 32 2.500 16 1
40B 40 12.8 32 2.500 32 2
40C 40 12.8 64 5.000 16 2
40D 40 12.8 64 5.000 24 3
40E 40 19.2 64 3.333 48 4
45A 45 12.8 32 2.500 18 1
45B 45 12.8 32 2.500 36 2
45C 45 12.8 64 5.000 18 2
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45D 45 12.8 96 7.500 18 3
45E 45 19.2 96 5.000 36 4
50A 50 12.8 32 2.500 20 1
50B 50 12.8 32 2.500 40 2
50C 50 12.8 64 5.000 20 2
50D 50 12.8 96 7.500 20 3
50E 50 19.2 96 5.000 40 4
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APPENDIX B 
Expanded Polyethylene Test Template 
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5 6.09 6.01 2.00 25.6 
5 6.06 6.01 2.01 25.6 
5 6.06 6.01 2.00 25.6 
5 6.02 6.08 2.00 25.6 
5 6.07 6.01 2.01 25.6 
25 4.04 4.10 2.00 25.6 
25 4.03 4.11 1.99 25.6 
25 4.03 4.09 2.00 25.6 
25 4.09 4.03 2.00 25.6 
25 4.06 4.07 1.98 25.6 
40 4.03 4.09 1.98 32 
40 4.04 4.08 2.00 32 
40 4.02 4.05 1.98 32 
40 4.02 4.10 1.99 32 












10 6.10 6.01 1.99 32 
10 6.01 6.08 2.00 32 
10 6.10 6.00 2.00 32 
10 6.04 6.05 2.00 32 
10 6.02 6.06 1.98 32 
25 4.10 4.05 1.94 25.6 
25 4.10 4.04 1.99 25.6 
25 4.11 4.05 1.99 25.6 
25 4.13 4.05 1.99 25.6 
25 4.11 4.03 2.00 25.6 
50 4.06 4.10 1.99 44.8 
50 4.11 4.04 1.99 44.8 
50 4.08 4.03 2.00 44.8 
50 4.09 4.06 1.99 44.8 
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